[1] Neodymium (Nd) isotopes were measured on 181 samples of fossil fish teeth recovered from Oligocene to Miocene sections at Ocean Drilling Program Site 1090 (3700 m water depth) on Agulhas Ridge in the Atlantic sector of the Southern Ocean. A long-term decreasing trend toward less radiogenic Nd isotope compositions dominates the record. This trend is interrupted by shifts toward more radiogenic compositions near the early/late Oligocene boundary and the Oligocene/Miocene boundary. Overall, e Nd values at Agulhas Ridge are more radiogenic than at other Atlantic locations, and are similar to those at Indian Ocean locations. The pattern of variability is remarkably similar to Nd isotope results from Walvis Ridge (South Atlantic) and Ninetyeast Ridge (Indian Ocean). In contrast, Agulhas Ridge and Maud Rise Nd isotope records do not show similar patterns over this interval. Results from this study indicate that deep water in the Atlantic flowed predominantly from north to south during the Oligocene and Miocene, and that export of Northern Component Water (NCW) to the Southern Ocean increased in the late Oligocene. There is also evidence for efficient exchange of deep waters between the Atlantic sector of the Southern Ocean and the Indian Ocean, although the direction of deep water flow is not entirely clear from these data. The shifts to more radiogenic Nd isotopic compositions most likely represent increases in the flux of Pacific waters through Drake Passage, and the timing of these events reflect development of a mature Antarctic Circumpolar Current (ACC). The relative timing of increased NCW export and ACC maturation support hypotheses that link deep water formation in the North Atlantic to the opening of Drake Passage. 
Introduction
[2] The circulation of deep water in the oceans is controlled by density driven, or thermohaline, oceanic overturning. In this paradigm, upwelling of abyssal water is balanced by the formation of dense bottom water in isolated high-latitude basins [Stommel, 1958] . Presently, upwelling brings 34.5 ± 17.5 Sv (Sv = 10 6 m 3 /s) of deep water to the surface, and up to half of this occurs in the latitude band of Drake Passage through wind driven Ekman divergence [Hellerman and Rosenstein, 1983; Ganachaud and Wunsch, 2000] . Deep water replenishment takes place in the North Atlantic (15À20 Sv [Broecker, 1991] ) and around Antarctica (2À5 Sv [Weiss et al., 1979] ). However, these patterns of ocean circulation are transient features because deep water formation areas, circulation pathways, and upwelling areas continuously adjust to changes in climate and continental configuration.
[3] Global climate and geography have undergone major changes over the course of the Cenozoic. Notably, a long-term deterioration from early Cenozoic greenhouse conditions culminated in a large Antarctic ice sheet around 34 Ma [Zachos et al., 2001] . The dispersal of Southern Hemisphere landmasses opened interocean connections in the Southern Ocean and closed them in the tropics. As a result of these changes, deep water circulation during the Oligocene and Miocene was transitional between the early Cenozoic mode, when deep water primarily formed in the Southern Ocean [Pak and Miller, 1992; Thomas et al., 2003] , and the presentday mode, with bipolar deep water formation. Here Southern Ocean Deep Water (SODW) refers to deep waters exported from the Atlantic and/or Indian sectors of the Southern Ocean during the early Cenozoic [Thomas et al., 2003] . It is during the transitional interval that deep water production in the Nordic Seas commenced [Davies et al., 2001] . There is evidence that the resulting water mass, referred to as Northern Component Water (NCW), began to influence the Southern Ocean during the Oligocene [Wright and Miller, 1993; Via and Thomas, 2006] .
[4] From the little that is known about the mode of thermohaline circulation during the Oligocene and Miocene, it is clear that the development of the Southern Ocean was a critical factor during this transitional period. The Antarctic Circumpolar Current (ACC) developed as Antarctica sepa-rated from South America and Australia, forming Drake Passage and the Tasmanian Gateway. Conditions for a proto-ACC were met during the late Eocene [Stickley et al., 2004; Eagles et al., 2006; Scher and Martin, 2006] , but a modern-type ACC was delayed until continental fragments blocking a deep passageway at Drake Passage began to clear [Barker, 2001] . Onset of a modern-type ACC around the Oligocene/Miocene boundary is suggested by erosion of the circum-Antarctic seafloor [Pfuhl and McCave, 2005; Lyle et al., 2007] ; however, a deep passageway through Drake Passage may have formed in the early Oligocene [Livermore et al., 2007] . It is important to understand the steps in the evolution of the ACC to test hypotheses that relate the opening of Drake Passage to the onset of NCW production and export through different physical mechanisms. Samuels [1993, 1995] proposed that deep water formation in the North Atlantic is directly related to wind stress (and hence upwelling) in the Southern Ocean. Moreover, Mikolajewicz et al. [1993] proposed that deep water formation in the North Atlantic is stimulated by the suppression of deep water exported from the Southern Ocean.
[5] To better understand how and why thermohaline circulation changed during the Oligocene and Miocene, the evolution of the ACC and the relative timing of increased export of NCW into the Southern Ocean must be further constrained. The Atlantic sector of the Southern Ocean was ideally positioned to monitor the inflow of disparate water masses as patterns of deep water circulation reorganized. Pacific throughflow via Drake Passage and NCW export from the North Atlantic carried very distinct neodymium (Nd) isotope fingerprints ( 143 Nd/ 144 Nd ratios) during the Oligocene and Miocene [Burton et al., 1997; Ling et al., 1997] . Monitoring changes in the Nd isotopic composition of seawater in the Atlantic sector over this interval provides a useful way to test different circulation scenarios that have been proposed during this transitional period.
[6] This paper presents Nd isotope data from fish teeth extracted from sediments deposited during the early Oligocene to early Miocene on Agulhas Ridge in the Atlantic sector of the Southern Ocean. Agulhas Ridge is situated near the present-day boundary between North Atlantic Deep Water (NADW) and Circumpolar Deep Water [Gersonde et al., 1999a] ; thus both the organization of the ACC and the onset of deep water export from the North Atlantic are expected to influence this location over the investigated time interval. Nd isotope results are also compared to the Oligocene and Miocene glaciations to determine if the record has been overprinted by terrigenous inputs from Antarctica. Results from this study are then evaluated relative to published Nd isotope records to examine different water mass mixing scenarios over the investigated interval and constrain the timing of ACC development relative to other circulation changes. Ultimately, these results are used to test the hypothesis that the opening of Drake Passage helped to bring about deep water formation in the North Atlantic. [Jeandel, 1993] , reflecting mixing with Antarctic Bottom Water and AAIW (e Nd = À8), which in turn have more radiogenic signatures due to mixing with Pacific seawater.
Nd Isotopes in Paleoceanography
[8] Neodymium isotopic compositions of authigenic ferromanganese crusts and fossil fish teeth in marine sediments exhibit secular variability on tectonic timescales [Burton et al., 1997; Ling et al., 1997; O'Nions et al., 1998; Frank et al., 2003; Thomas et al., 2003; Scher and Martin, 2004; Thomas, 2004; van de Flierdt et al., 2004; Frank et al., 2006; Martin and Scher, 2006; Scher and Martin, 2006; Via and Thomas, 2006; Thomas and Via, 2007] . These sedimentary components incorporate Nd at or near the sediment-water interface and the primary Nd isotope signal is resistant to alteration during diagenetic processes [Martin and Haley, 2000; Martin and Scher, 2004] . Two competing signals are embedded in long-term variability of Nd isotopes at a given location: (1) changes in Nd inputs derived from continental weathering and (2) changes in the proportions of different water masses. Deciphering the relative roles of these two processes is fundamental to the evaluating the paleoceanographic significance of long-term Nd isotope records. In the Southern Ocean, secular variability of e Nd values has been attributed to mixing of Pacific, Atlantic, and possibly other water masses Scher and Martin, 2006; Via and Thomas, 2006; Thomas and Via, 2007] as the ACC developed. However, the response of Southern Ocean e Nd values to changes in Antarctic weathering inputs as a result of Oligocene and Miocene glacial advances has not been examined directly.
Materials and Methods

Site Description
[9] ODP Site 1090 is presently located at 42°55 0 S, 8°54 0 E on the southern flank of Agulhas Ridge in the Atlantic sector of the Southern Ocean in 3700 meters of water (Figures 1 and 2 ). Drilling at this site recovered 400 m of sediment. Lower Miocene to middle Eocene sediments were unexpectedly encountered below an unconformity at $70 mcd. Recovery of this sequence was very good as a result of its shallow burial; however, drilling disturbances occur below $347 mcd in the extended barrel core (XCB) section. Sedimentation rates are relatively high (6À 30 m/Ma). Deposition appears to have been continuous in middle Eocene to lower Miocene sections with the exception of an unconformity at $221 mcd, resulting in a $3 Ma hiatus, where much of the lower Oligocene is missing ( Figure 3 ). This unconformity is attributed to the acceleration of bottom currents around Agulhas Ridge [Wildeboer Schut et al., 2002] . Sediments in the middle Eocene to lower Miocene sequence are composed of calcareous ooze and mud-bearing diatom and nannofossil ooze.
[10] Agulhas Ridge formed prior to Cretaceous time [Gersonde et al., 1999a] . There are two competing hypotheses that account for the formation of Agulhas Ridge with different implications for the paleodepth correction for ODP Site 1090. Agulhas Ridge may be related to hot spot activity [e.g., Hartnady and le Roex, 1985] , in which case a depth correction is required. Alternatively, it may have formed from thrusting of the South American plate over the African plate [Gersonde et al., 1999a] , which does not require a depth correction. There is not adequate tectonic evidence to support genesis related to a hot spot [Gersonde et al., 1999a] ; thus no depth correction was applied to ODP Site 1090 during the period of interest (42À17 Ma). Tectonic reconstructions of the South Atlantic for the middle Eocene indicate that Site 1090 was located at approximately 50°S, 15°E. Over the period of interest the site moved 5°À6°to the east and 2°À3°to the north, although the position with respect to Africa did not change.
Age Model
[11] For the section above the unconformity (70À221 mcd) the fit of the polarity zone pattern to the geomagnetic polarity timescale (GPTS) [Cande and Kent, 1995] is unequivocal [Channell et al., 2003] . Below the unconformity, the magnetostratigraphy was fit to the GPTS with the aid of Sr and O isotope chemostratigraphy and calcareous nannofossil datums [Channell et al., 2003] . Drilling disturbances below $347 mcd resulted in a poor magnetostratigraphy in the XCB section. Planktonic foraminifer datums [Berggren et al., 1995; Galeotti et al., 2002] and the depth of the 18n/19r boundary determined from the shipboard magnetic stratigraphy [Gersonde et al., 1999b] were used to extend the age model to the base of the core .
Sample Preparation
[12] Bulk samples composed of 30À40 cc from ODP Site 1090 were oven-dried at 50°C, soaked in DI water to disaggregate the sediment and wet sieved. Fossil fish teeth were handpicked from the >125 mm fraction. Samples were cleaned and inspected for sediment adhering to surfaces and within cavities. Prior to column chemistry, all samples were treated using a reductive/oxidative cleaning protocol designed to remove ferromanganese (Fe-Mn) oxide coatings [Boyle, 1981; Boyle and Keigwin, 1985; Rosenthal et al., 1997] . After cleaning, samples were weighed and transferred to clean microcentrifuge tubes for dissolution. Dissolved samples were transferred to Teflon beakers, evaporated to dryness, and several were spiked with 149 Sm and 150 Nd enriched solutions for Sm and Nd concentration determinations by isotope dilution. After spiking, samples were dried again and passed through two sets of columns: the first to collect Sr and bulk rare earth elements, and the second to isolate Sm and Nd .
Isotopic Analysis
[13] Isotopic ratios of Sm and Nd were measured on a Micromass sector 54 thermal ionization mass spectrometer at the University of Florida using an analytical procedure similar to that of Scher and Martin [2004] . Nd isotopes were measured as oxides (NdO + ). Samples were loaded onto zone-refined Re filaments with silica gel. Beams of 0.5V for monitor peak The inset shows the crosssection location. Seafloor bathymetry is from the Antarctic Bathymetry data set of the Marine Geoscience Data System. A contoured cross section of salinity measurements along 2°E has been overlain to show present-day water masses. Salinity data were culled from the EPIC data server managed by the Pacific Marine Environmental Laboratory and NOAA. 0.512102 (±0.000014, 2s external reproducibility, n = 122). This external reproducibility corresponds to a minimum error of ±0.3 e Nd units (2s).
[14] To determine the reproducibility of Nd isotopic measurements of different fish teeth from the same depth interval, 17 pairs of samples consisting of 3À5 teeth each were processed and analyzed in parallel. These sample replicates yielded an average sample reproducibility of 0.1 e Nd units, with a total range from 0 to 0.6 e Nd units. Sm. This correction ranged from 0.1 to 0.3 e Nd units depending on the age of the sample.
Results
[15] An overall decrease in e Nd (T) occurred from the early Oligocene to the middle Miocene ( Figures 3 and 4) 17.2 Ma, bringing e Nd values to À8.5 in the middle Miocene at the top of the section.
Discussion
Long-Term Decreasing Trend
[16] The long-term decreasing trend at Agulhas Ridge indicates that a source of nonradiogenic Nd began to influence the study area in the early Oligocene. Two likely sources of nonradiogenic Nd are: (1) glacial weathering of Antarctic basement, which contains vast tracts of ancient crust which have nonradiogenic compositions and (2) a water mass carrying a nonradiogenic Nd signature.
Assessing the Role of Antarctic Glaciation
[17] The interplay between mechanical and chemical weathering during Oligocene and Miocene Antarctic glaciations probably resulted in a dramatic increase in the flux of dissolved material into the Southern Ocean [Zachos et al., 1999; Ravizza and Peucker-Ehrenbrink, 2003] . Detrital e Nd of core top sediments from Weddell Sea and Dronning Maud Land sectors of the circum-Antarctic average À12.0 e Nd [Roy et al., 2007; van de Flierdt et al., 2007] , which reflect terrigenous inputs sourced from ancient basement on Antarctica. However, because acquisition of the Nd isotopic signature of water masses is not fully understood, the long-term impact of an increase in Antarctic weathering products on deep water at Agulhas Ridge is difficult to predict. If glacial weathering of Antarctic basement was an important factor in determining the Nd isotopic composition of SODW, the major Oligocene and Miocene glaciations [Miller et al., 1987 [Miller et al., , 1991 would probably be associated with less radiogenic Nd isotopic compositions at Agulhas Ridge. Moreover, if the dissolved flux coming off Antarctica increased during deglaciations as a result of rock exposure, it is expected that decreasing values would follow Oligocene and Miocene glaciations. However, if the period of increased weathering associated with glaciations is short relative to the overall duration of the decreasing trend, it is unlikely that Nd isotopes will respond owing to its short residence time in seawater. [Frank et al., 2003] . Southern Ocean locations are: ODP Site 689 (red squares) and ODP Site 1090 (red circles) .
[18] Relative to the long-term trend, prominent decreases in e Nd values occur at 27.3 Ma and 23.9 Ma. These intervals coincide with Oi2b and Mi1 glaciations, respectively ( Figure 5) . Decreasing e Nd values continue for a few million years following Oi2b, but this is not the case following Mi1. It is possible that the large decrease at 27.3 Ma and the subsequent decrease through the late Oligocene is related to weathering associated with the Oi2b glaciation. However, e Nd at upper Maud Rise (ODP Site 689) does not reflect this purported input, but instead shifts toward more radiogenic values during Oi2b (Figure 5, inset) . The contrast between these sites argues against weathering as the cause of e Nd changes during the Oi2b glaciation. Maud Rise was closer to Antarctica and presumably more sensitive to inputs from glacial weathering of Antarctic basement. Moreover, other glaciations of similar or greater magnitude (e.g., Oi2a, Oi2c) do not coincide with major e Nd inflections at Agulhas Ridge, and some prominent shifts to less radiogenic values do not coincide with major glaciations (e.g., decreasing trend from 27 to 23.5 Ma and at 17.4 Ma). Overall, the long-term e Nd variability at Agulhas Ridge does not show a systematic relationship with glaciations during the Oligocene and Miocene, suggesting the decreasing trend was not driven by weathering inputs derived from the glacial intervals.
Role of Water Mass Mixing
[19] Assuming that the e Nd variations at Agulhas Ridge are dominated by water mass mixing, this record provides critical constraints on the interocean exchange of deep water during the Oligocene and Miocene. Results from this study are compared to Oligocene and Miocene e Nd records of deep water in the North Atlantic, South Atlantic, Southern, and Indian Oceans in order to evaluate possible pathways for deep water flow into and out of the Atlantic sector ( Figure 6 ). Water masses in most of these regions had less radiogenic e Nd than Agulhas Ridge over the investigated interval, and may have contributed to the long-term decreasing trend through water mass mixing. Figure 5 . The e Nd (T) values from this study, relative to major glaciations on Antarctica. The ages of Oligocene and Miocene glaciations are from Miller et al. [1998] . The early to late Oligocene interval is expanded in the inset, shown along with e Nd values from upper Maud Rise.
[20] The e Nd of seawater in the Atlantic Ocean decreased from north to south during the Oligocene and Miocene. The least radiogenic water mass over the investigated interval was in the North Atlantic, with values around À11 [Burton et al., 1997; O'Nions et al., 1998; Frank et al., 2003] (Figure 6a ). Walvis Ridge e Nd was À9 in the early Oligocene and decreased to À11 by the early Miocene (Figure 6b ), which has been attributed to the southward penetration of NCW into the South Atlantic [Via and Thomas, 2006] . Agulhas Ridge e Nd values (this study) are the most radiogenic values reported in the Atlantic, probably due to the proximity of Drake Passage inflow from the Pacific. Thus the suite of Atlantic Ocean e Nd records reflect mixing between northern (less radiogenic) and southern (more radiogenic) sourced water masses and the pattern suggests that an important component of flow in the Atlantic was from north to south. Agulhas and Walvis Ridge e Nd records show roughly parallel long-term decreasing trends (Figure 6b ), which suggests that the two locations had a similar water mass history. Thus it is possible that the long-term decreasing trend observed in this study reflects the increasing contribution of NCW to the Southern Ocean.
[21] On the basis of the comparison of Nd isotope records, it is also possible that the export of Indian Ocean water to the Atlantic sector resulted in the observed decreasing trend. However, the direction of deep water flow between the Atlantic and Indian sectors has been difficult to ascertain. This question has been addressed previously using other proxies. On the basis of d
18 O values from benthic foraminifers in upper Oligocene sediments of ODP Site 1090, Billups et al. [2002] concluded that there were distinct water masses in the Atlantic sector and Indian Ocean during the late Oligocene. The results of this study et al., 1998 ] indicates e Nd values that were very similar to Agulhas Ridge (Figure 6c ), which suggests efficient exchange of deep water between the Atlantic sector and the Indian Ocean. To address the question of whether water was flowing from the Atlantic into the Indian or vice versa, the Agulhas Ridge e Nd record is compared to e Nd at ODP Site 757 (Ninetyeast Ridge) . Ninetyeast Ridge shows an overall structure similar to Agulhas Ridge, with slightly more radiogenic values due to Indonesian Seaway throughflow from the Pacific (Figure 6c) .
[22] There are two possible interpretations based on this comparison, with opposite implications for deep water circulation between the Atlantic sector and the Indian Ocean. The first is that Agulhas Ridge e Nd reflects mixing between Indian Ocean and North Atlantic derived deep water masses. There may have been a warm and saline deep water mass that originated in the Tethys Sea and influenced the Southern Ocean [e.g., Kennett and Stott, 1990] , however if such a water mass existed it did not influence the temperature of deep waters at Agulhas Ridge, which were colder than in the Indian Ocean [Billups et al., 2002] . The study of Diekmann et al. [2004] suggested that Indian Ocean seawater was deflected around Africa as the Tethys Sea closed, which could have injected Indian waters into the Atlantic sector. If this current was similar to the modern Agulhas current, the depth of this injection was probably much shallower than the Oligocene paleodepth of the study site (3700 m), and is unlikely to have directly influenced deep Agulhas Ridge. Furthermore, e Nd at upper Maud Rise does not reflect an Indian source (Figure 6d ), suggesting that if deep Indian Ocean water did flow into the Atlantic, it did not influence upper Maud Rise in the Oligocene. However, the most critical problem with this interpretation is that it lacks a mechanism to explain decreasing Nd isotope compositions in the Indian Ocean. The second mixing scenario, that e Nd values at Ninetyeast Ridge reflect mixing between circumpolar and Pacific water masses, provides a more robust explanation of the available data. This scenario provides a mechanism to explain the decreasing trend at Ninetyeast Ridge, that is progressively less radiogenic e Nd resulting from an increase of NCW within circumpolar waters. If this second interpretation is correct, it suggests that deep water flowed from the Southern Ocean into the Indian Ocean during the Oligocene.
Short-Term Increases: Radiogenic Sources
[23] The long-term decreasing trend is interrupted twice, once across the early/late Oligocene boundary and again in the early Miocene. During both of these intervals e Nd values at Agulhas Ridge overlap with the range for Pacific seawater (see Figure 4) . By the late Oligocene, the Atlantic sector was probably under the influence of several water masses: (1) SODW, (2) NCW exported from the north Atlantic, (3) Pacific waters entering via Drake Passage, and possibly (4) Indian Ocean derived waters. Only the Pacific end-member had significantly more radiogenic e Nd than Agulhas Ridge over this interval. A change in the proportion of these end-members, or a change in the e Nd value of any of these end-members, would have influenced the e Nd recorded at Agulhas Ridge. To interpret increasing e Nd values at Agulhas Ridge, the following question is considered. Is it more likely that: (1) a contributing water mass shifted toward more radiogenic values at its source, (2) the proportion of a nonradiogenic water mass in the Atlantic sector (e.g., NCW or SODW) decreased, or (3) the proportion of Pacific waters in the Atlantic sector increased?
[24] There is no evidence for a radiogenic shift in any of the contributing water masses; in fact all of the end-member e Nd compositions decreased or remained constant over this interval (Figures 4 and 6) , making the first option difficult to support with data from the literature. Moreover, it is difficult to find evidence for a decrease in the proportion of a nonradiogenic water mass, the second option. First, results from the study of Via and Thomas [2006] for sites located farther north suggest that the proportion of NCW in the south Atlantic was increasing steadily over this interval. It is possible, however, that the southern boundary of NCW was located between Walvis Ridge and Agulhas Ridge, in which case small changes in the southern extent of NCW might have produced the observed effect at Agulhus Ridge. Second, if SODW or the possible Indian source was present in the Atlantic sector, it is unlikely that their influence was large enough to elicit a response through reduction. For example, Maud Rise and Agulhas Ridge e Nd records exhibit different patterns of variability over the investigated interval (Figure 6d ), suggesting that SODW had a weak influence at Agulhas Ridge during the Oligocene.
[25] On the other hand, two lines of evidence support the third option; that the contribution of Pacific water increased during these two intervals. During the first interval, the shift to radiogenic values coincides with an increase in opal mass accumulation rates (MAR) and the opal/lithogenic ratio at this site (Figure 7 ) [Diekmann et al., 2004] . An increase in opal MAR may have been a response to increased wind driven upwelling as continental barriers were removed from Drake Passage. During the second interval e Nd values begin to increase just after the Oligocene/Miocene boundary, a time of increased bottom current speeds in the circumAntarctic [Pfuhl and McCave, 2005; Lyle et al., 2007] . Both of these observations are consistent with an increased flux of Pacific water through Drake Passage.
Development of the ACC and the Thermohaline Transition
[26] Nd isotope results from this study outline a two step development of the ACC during the Oligocene and Miocene that is superimposed on a long-term increase in the export of NCW to the Southern Ocean. Recent studies based on evidence for erosion of the seafloor in the circum-Antarctic have placed onset of a deep ACC close to the Oligocene/ Miocene boundary [Pfuhl and McCave, 2005; Lyle et al., 2007] . The results of this study are in excellent agreement with these estimates; but capture a more detailed history of ocean circulation changes resulting from the tectonic development of Drake Passage.
[27] The Nd isotope results suggest that influx of Pacific seawater through Drake Passage began to increase in the early Oligocene following the initial opening in the Eocene . This finding is in agreement with tectonic reconstructions that show the dispersal of continental fragments from Drake Passage after 30 Ma, leading to a deep passageway [Livermore et al., 2007] . It also appears that the flux of Pacific water through Drake Passage was accompanied by an increase in upwelling, probably due to the removal of continental barriers from the wind field that drives Ekman divergence in the Southern Ocean. The long-term increase in NCW flow to the Southern Ocean follows the dispersal, and continues on through the event at the Oligocene/Miocene boundary, which caused seafloor erosion and further increases in Drake Passage throughflow. Furthermore, the influence of SODW at Agulhas Ridge appears to have diminished during the Oligocene, based on the distinct pattern of variability relative to upper Maud Rise.
[28] On the basis of the timing of these events, it is possible that increased export of NCW to the Southern Ocean was a response to the opening of Drake Passage and ACC evolution through the causal mechanisms suggested by the numerical models of Mikolajewicz et al. [1993] and Samuels [1993, 1995] . In these models, Drake Passage opening increased NCW export to the Southern Ocean owing to reduced outflow of SODW and enhanced Southern Ocean upwelling, respectively. Results from this study indicate that SODW had a weak influence at Agulhas Ridge and that tectonic events in Drake Passage, probably leading to increased upwelling, preceded an increase in NCW in the Southern Ocean. Thus these findings have important implications for the factors leading to the thermohaline transition during the Oligocene.
Conclusions
[29] The Nd isotopic record from ODP Site 1090 on Agulhas Ridge records changes in the water mass composition of deep waters in the Southern Ocean in response to a pronounced reorganization of deep water circulation during the Oligocene and Miocene. Agulhas Ridge e Nd values are more radiogenic relative to North and South Atlantic locations over the interval examined and provide a useful constraint for evaluating interocean exchange of seawater. Water mass mixing in the Atlantic took place between a northern water mass with a less radiogenic composition and a southern water mass with a more radiogenic composition. The long-term decreasing trend at Agulhas Ridge that is mirrored at Walvis Ridge (South Atlantic) and Ninetyeast Ridge (Indian Ocean) suggests that export of NCW from the north Atlantic to the Southern Ocean increased during the Oligocene and Miocene. Efficient exchange of seawater between the Atlantic sector and the Indian Ocean is also supported by these data. The variability of e Nd values at Agulhas Ridge is distinct from upper Maud Rise (Southern Ocean), which strongly indicates that the influence of SODW diminished during the Oligocene.
[30] The development of the ACC is also reflected in the results from this study. Shifts toward more radiogenic compositions, indicating an increase in the proportion of Pacific seawater, occur around the early/late Oligocene boundary and the Oligocene/Miocene boundary. These shifts are probably related to the development of a deep passageway through Drake Passage. The relative timing of the maturation of the ACC, reduction of SODW influence, and increased export of NCW to the Southern Ocean supports causal mechanisms that relate the onset of deep water production in the North Atlantic to the opening of Drake Passage.
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